In recent years, techniques such as multiple input multiple output (MIMO) and orthogonal frequency division multiplexing (OFDM) have been developed and combined in MIMO-OFDM systems to provide higher data rates. In addition, the system can be optimized by setting modulation and coding adaptively according to the channel conditions. The overall system performance depends on how accurately the system obtains the channel state information (CSI) and feeds it back to the transmitter. In this paper, we propose a signal-to-noise-ratio (SNR) estimation algorithm in which the preamble is known by both sides of the transceiver. Through simulations of several channel environments, we prove that our proposed algorithm is more accurate than traditional algorithms.
Introduction
Adaptive modulation and coding (AMC), adaptive subcarrier allocation, and power allocation are used to increase the system's reliability and transmission rate. These techniques require feedback of the channel state information (CSI), which is based on the estimated SNR of the received signal. Therefore, many studies have been conducted to improve the system performance by designing a low complexity SNR estimation algorithm [1] - [6] . Previously, conventional SNR estimation algorithms were based on the maximum likelihood (ML) or minimum mean squared error (MMSE) and required an estimation of the channel, which entails feedback delay and higher computational cost. Recently, some researchers such as Boumard, Ren and Milan proposed estimating the SNR based on preamble transmission without channel estimation. Our proposal consists of using the preamble principle to diminish the complexity and feedback delay and avoid channel estimation. Because the preamble is known by both sides of the transceiver, the new algorithm can accurately estimate the SNR without channel estimation. This paper is organized as follows. In Sect. 2, we present the system model, and in Sect. 3, we briefly explain the conventional SNR estimation algorithms proposed by Boumard 
System Model
In this section we explain the structure of the communication system. As shown in Fig. 1 , only two signals with two respective preambles are transmitted. The two transmit and two receive antennas comprise a 2 × 2 MIMO-OFDM system. At the receiver, the SNR is estimated after the received signal is changed from the time domain to the frequency domain using fast Fourier transform (FFT). The timing of the received signal is assumed to be perfectly synchronized.
Transmitter
Each antenna transmits an OFDM symbol, consisting of a sequence of a predetermined number (OFDM size) of binary phase shift keying (BPSK) or quadrature phase shift keying (QPSK) symbols. The preamble is thus, composed of these two identical OFDM symbols. In Fig. 1 , the preamble is given by C i (k, n), where, i = 1, 2 represents the transmit antenna index, k = 1, 2 is the preamble index, and n = 0, ..., N − 1 is the subcarrier index. For preamble transmission, we used a cyclic prefix (CP) of length N/4 as the guard interval.
Receiver
The received signal after FFT processing is described by Eq. (1).
Y j (k, n) is the signal received at the jth antenna, and n j (k, n) is the additive white Gaussian noise (AWGN) present at the 
where, h l,i j (kT s ) and τ l,i j represent the lth path gain and delay, respectively, between the ith transmit and jth receive antenna during the kth preamble. T s is the OFDM preamble time plus CP, and L is the number of channel paths. In this paper, the channel is assumed to be constant during a frame period. Therefore, as a simplification, the time k is not taken into account for SNR estimation.
Conventional SNR Estimation Algorithms

Boumard SNR Estimation Algorithm
According to Boumard algorithm, in a 2 × 2 MIMO-OFDM system, the channel varies slowly in both the frequency and time domains; with this assumption, two identical consecutive preambles are used to estimate the SNR [4] . The signal power is estimated as follows. First, we estimateĤ using Eq. (3), which is a function of the two received signals Y(0, n) and Y (1, n) , and the transmitted preamble C(n). Next, we calculate the average of the squares of the absolute valuesĤ using Eq. (4). The noise power is estimated using Eq. (5), and finally, the SNR is estimated using Eq. (6). Unlike ML or MMSE-based SNR estimation, Boumard's algorithm does not require channel estimation, but big changes in the channel can lead to errors in the SNR estimate.
Ren SNR Estimation Algorithm
Ren's SNR estimation overcomes the weakness of Boumard's algorithm to frequency selective channels by using the same subcarrier in the noise power estimation [Eq. (7)] [5] . The signal power is estimated by Eq. (8), where the estimated noise power is removed from the total received signal power. As in Boumard's algorithm,Ĥ is estimated by Eq. (3), and finally, we calculate the SNR with Eq. (9).
Milan SNR Estimation Algorithm
The preamble used in Milan's SNR estimation algorithm contains periodic identical parts in the time domain [6] . Figure 2(a) shows the structure of the preamble in the time domain. N subcarriers are divided into Q identical parts. Figure 2(b) shows the preamble structure in the frequency domain. Q signal subcarriers appear periodically between null subcarriers. Milan's algorithm uses these characteristics to estimate the SNR. After the received signal is FFT modulated (with a FFT size equal to the total preamble duration i.e., 128), the signal power is contained in the Q signal subcarriers, and the noise power is contained in the null subcarriers of the received signal. As we can see in [1] , Milan's algorithm provides more accurate estimations by reducing the interval period; however, the preamble structure becomes more complicated. In our system, we transmit two equal OFDM symbols of size N = 64, which is the preamble length corresponding to Milan's algorithm for the case of N = 128 and Q = 2. However, in our algorithm we need a FFT size of only 64 at the receiver, whereas Milan's algorithm requires a FFT size of 128. Figure 3 shows the structure of the transmit frame, including the preamble. Equation (10) is the new expression for estimating the SNR, where Y(0, n) and Y(0, 1) represent the consecutive receive preambles after FFT.
New SNR Estimation Algorithm
According to Eq. (10), the signal power is considered to be the total power carried by the preambles, i.e., 1. The noise power is calculated by the average of the square of the absolute values of the received preambles.
Performance Analysis of the Proposed and Conventional SNR Estimation Algorithms
In this section, we present the performance analysis of the proposed and conventional SNR estimation algorithms. 
where N t is the number of transmitted packets (25,000),ρ av,i is the estimated SNR value corresponding to the received preamble from the ith package, and ρ av represents the actual SNR value. Figure 4 compares the actual SNR values and those estimated by each algorithm over the Rayleigh flat fading channel. In the low SNR range, the Ren algorithm has a relatively high SNR estimation error compared to the other algorithms, which return values almost identical to the actual SNR. Figure 5 shows the NMSE performance for each algorithm. We can verify that Boumard's and the new SNR algorithm provide the most accurate estimations, with NMSE values close to 0, followed by Milan and Ren. As mentioned in the description above, for Boumard's algorithm the channel is considered to be almost stationary. We can confirm through the performance results, that the most suitable algorithms for these conditions are Boumard's and the new SNR estimation algorithm. Figure 6 compares the actual and estimated SNR values over Rayleigh selective fading channel A. The estimation error of Boumard's algorithm increases for a selective channel. Figure 7 shows the NMSE performance on the same channel. For Boumard's algorithm, the NMSE increases with the SNR, while Milan's and Ren's algorithms maintain a constant NMSE value of about 0.3 starting at approximately 0 dB. The NMSE of the new algorithm is very close to 0, which means that for a frequency selective multi-path channel, the new algorithm provides the most reliable estimation of the real SNR value. Figures 8 and 9 show the result of the same simulations over Rayleigh selective fading channel B, where the maximum delay is larger than the CP length, using four multiple paths. This channel environment is more difficult than channel A; therefore, the performance of each algorithm has a higher estimation error than in the previous simulation of channel A. In Fig. 8 , the values estimated by Boumard's algorithm are very far from the actual SNR values, while those estimated by the new algorithm, as well as by those of Milan and Ren, remain very close to the actual value until approximately 26 dB. Furthermore, Fig. 9 shows that until approximately 38 dB, the new algorithm has the lowest estimation error.
Conclusions
In this paper, we proposed a new SNR estimation algorithm that is based on the use of a preamble and does not require channel estimation to make an accurate estimation of the SNR. In our algorithm, the signal power is considered to be the entire sequence of two preambles with OFDM size and composed of BPSK or QPSK symbols; therefore, we consider the signal power to be 1. The relative noise power is calculated by the square of the absolute value of the two received preambles. By dividing the signal between the noise power, we obtain the SNR estimation. Simulations performed in several channels prove that the new proposed algorithm produces the lowest estimation error.
